The precipitation of spherical boehmite was studied by surface energy calculations, measurements of precipitation ratios, Fourier transform infrared spectroscopy, X-ray diffraction, scanning electron microscopy, and transmission electron microscopy. The surface energy calculation results show that the (001) and (112) planes of gibbsite surfaces are remarkably stable because of their low surface energies. In addition, the (010) plane of boehmite grows preferentially during precipitation because of its low surface energy. Thus, we propose a method to precipitate spherical boehmite from a supersaturated sodium aluminate solution by adding gibbsite as seed in a heterogeneous system. In this method, gibbsite acts as the preliminary seed and saturation modifier. The results show that the fine boehmite first nucleates on the (001) and (112) planes of gibbsite and then grows vertically on the (001) and (112) basal planes of gibbsite via self-assembly, thereby forming spherical boehmite. Simultaneously, gibbsite is dissolved into the aluminate solution to maintain the saturation for the precipitation of boehmite. The precipitation ratio fluctuates (forming an M-shaped curve) because of gibbsite dissolution and boehmite precipitation. The mechanism of boehmite precipitation was further discussed on the basis of the differences in surface energy and solubility between gibbsite and boehmite. This study provides an environmentally friendly and economical method to prepare specific boehmite in a heterogeneous system.
Introduction
Boehmite (γ-AlOOH) is a significant intermediate hydrated alumina that can maintain its shape during transformation to transition alumina (γ-, δ-, and θ-Al 2 O 3 ) or α-Al 2 O 3 . For example, the flower-like, hollow, nanowire, or porous-ball transition alumina is often used as a carrier for catalysts [1] and medicines [2] and as thin films and adsorbents [3] . Ball-like, bar-like, and plate-like α-Al 2 O 3 are widely used as heat-insulating materials and as reinforcements for composites [4] . Moreover, alumina is also used for dental materials or orthopedic devices because of its good biocompatibility [5] [6] . Thus, the synthesis of boehmite with a given morphology has attracted considerable interest.
Two main routes are usually used to prepare boehmite with a specific morphology: (1) Al 2 (SO 4 ) 3 , AlCl 3 , Al(NO 3 ) 3 , or NaAlO 2 is often used to prepare nanofiber [7] , nanowire [8] [9] , nanorod [10] , nanoribbon [11] [12] , or nanosheet [13] boehmite via neutralization or hydrolysis, and (2) aluminum alkoxide is extensively used to synthesize boehmite or pseudoboehmite with the specific morphology via hydrolysis. Moreover, boehmite with 3D superstructures (e.g., stalk-like [14] , cantaloupe-like [15] , leaf-like [16] , and flower-like [17] ) has been frequently prepared through the assembly of nanofiber, nanorods, or nanosheets using the aforementioned aluminum-bearing salts or aluminum alkoxide. However, all of the aforementioned methods for preparing boehmite are carried out in homogeneous systems. A diluted solution is extensively used to avoid agglomeration of fine particles in a disorderly way as a result of the spontaneous precipitation of primary particles in concentrated solutions. Moreover, a two-stage method of precipitation of amorphorous fine Al(OH) 3 -hydrothermal preparation of AlOOH has often been reported [18] [19] , which is a complicated technology. In addition, low productivity, the use of expensive surfactants [20] [21] , and the generation of highly hazardous waste water increase AlOOH production costs and limit the industrial application of this two-stage method.
By contrast, boehmite can be precipitated from supersaturated sodium aluminate solution through the addition of boehmite seed, reducing the energy consumed by the calcination step in metallurgical alumina production [23] . The precipitation of gibbsite or boehmite does not generate waste water and enables the low-cost preparation of sodium aluminate solution. Moreover, boehmite with a plate-like morphology is often obtained because of the predominance of OH − ions in the aluminate solution [24] . Herein, we present a simple, economical, and environmentally friendly route to precipitate boehmite with a specific morphology in a heterogeneous system. In this method, soluble gibbsite is added as a preliminary seed material and saturation modifier in solution. The fresh fine boehmite then nucleates on the gibbsite during preliminary precipitation and grows through self-assembly in the supersaturated sodium aluminate solution.
In this study, nearly spherical boehmite was precipitated from a concentrated sodium aluminate solution by the addition of gibbsite as a seed material. The surface energy of the exposed planes of the gibbsite and boehmite was calculated using the program DMol to elucidate the precipitation mechanism. The precipitation ratio, X-ray diffraction (XRD) analysis, and Fourier transform infrared spectroscopy (FTIR) analysis were also used to observe the variation of concentration and phase evolution. Scanning electron microscopy (SEM) and Transmission electron microscope (TEM) were used to analyze the change in morphology.
Experimental

Material
Aluminum hydroxide, sodium hydroxide (Tianjin Kermel Chemical Reagent Co., Ltd., China), and distilled water were used to prepare the supersaturated sodium aluminate solution. After the solution was twice filtered, the resultant solution was finally diluted to the given concentration for precipitation. Hydrochloric acid, sodium acetate, zinc nitrate, sodium hydroxide, and ethylenediaminetetraacetic acid for analysis were all analytically pure.
Experimental procedure
The boehmite was precipitated from a 100-mL sodium aluminate solution with a caustic molar ratio (α k ) of 1.41 (molar ratio of Na 2 O to Al 2 O 3 in solution) at 180°C in an autoclave (150 mL) by adding gibbsite (226 g·L − 1 ) as a seed material. Boehmite was obtained after the precipitate was filtered, washed with boiling water, and dried at 100°C for 4 h. The concentration of caustic soda (Na 2 O) and alumina (Al 2 O 3 ) in the filtrate was determined by titration after the filtrate was diluted to 1000 mL. The gibbsite or boehmite in the dried filter cake (solid sample) was subsequently characterized by XRD, SEM, TEM, and FTIR.
Characterization
The precipitation ratio (η) was calculated according to the following equation:
where α k0 and α k1 represent the caustic molar ratio in solution initially and at time t, respectively. The precipitated solid sample and potassium bromide were mixed and pressed into a thin disk. Its FTIR spectrum was then recorded with a NICOLET 6700 Fourier transform spectrometer (Thermo Fisher Scientific, USA) over the 4000-400 cm −1 wavenumber region, with a spectral resolution of 4 cm . XRD patterns were recorded in the 2θ range from 5° to 75° with a Rigaku (model TTR-III) diffractometer equipped with a Cu K α radiation source. The samples were scanned at 5°⋅min
. The interplanar spacing (d (hkl) ) was estimated using the Bragg equation: 2d (hkl) sinθ = λ (2) where λ (= 0.154 nm) is the wavelength of X-rays, θ and d (hkl) are the Bragg angle and the interplanar spacing, respectively.
The morphology of the powder sample was examined by SEM using a JSM-6360V (JEOL) microscope. To observe the morphological evolution of a particle during precipitation, samples were first fixed using epoxy resin and triethanolamine and then carefully polished; a microsection of the sample was then observed by SEM.
TEM was carried out with a Tecnai F20 (FEI) microscope. Selected-area electron diffraction (SAED) patterns and high-resolution TEM (HRTEM) were also used to analyze the samples.
Surface energy calculations
The surface energy of a particle is related to its growth and dissolution rate in a solution. Thus, the surface energy for various planes of boehmite or gibbsite was calculated. The space group of boehmite is Cmcm, and the hydrogen sites are partially occupied (50%), as presented by Corbató et al. [25] . In addition, the surface hydroxyl species exist in the form of O − in an alkaline environment. All calculations were performed using the density func-tional theory method implemented in DMol 3 code [26] [27] with the generalized gradient approximation (GGA) [28] functional of Perdew, Burke, and Ernzerhof (PBE) [29] . The spin-restricted and spin-unrestricted algorithms were used for closed-and open-shell systems, respectively. An all-electron double-numerical basis set with polarization functions was applied for all atoms. The thickness of the vacuum slab was 1.0 nm, and the density functional geometry was optimized by the Broyden-Fletcher-Goldfarb-Shanno method. A plane-wave cutoff energy of 300 eV was used in the calculations, which ensured a total-energy convergence of 10 − 4 eV/atom. The surface energy was calculated according to the following equation [30] :
where E slab and E bulk are the total energy of the relaxed slab and the total energy for single γ-AlOOH, respectively; N slab and N bulk correspond to the total atom number of the relaxed slab and that of single γ-AlOOH bulk, respectively; and A represents the surface area of the slab.
Results and discussion
Surface energy of boehmite and gibbsite
The surface energy of the (001), (100), (010), (011), and (110) planes for boehmite is presented in Fig. 1 . The surface energy order of boehmite is E sur (010) < E sur (011) < E sur (110) < E sur (100) < E sur (011). Obviously, the (010) plane has the lowest surface energy and, in principle, growth priority. The (011), (110), and (100) planes have increased surface energies, growing subsequently in solution. By contrast, the (001) plane is difficult to expose because it possesses the highest surface energy. The surface energy of gibbsite was similarly calculated. The thickness vacuum slab of gibbsite was 1.5 nm, and the geometry optimization was conducted using the GGA-PBE functional. The surface energy of gibbsite is shown in Fig. 2 . Fig. 2 shows that the lowest surface energy is assigned to the basal (001) plane of gibbsite. Thus, the (001) plane is a preferentially exposed plane during precipitation from the sodium aluminate solution, as demonstrated in the precipitation of gibbsite from the pregnant sodium aluminate solution. The (100) and (011) planes, which have the highest surface energy, are not exposed planes but are theoretically active and preferentially dissolved in solution.
Therefore, the various planes of boehmite or gibbsite with different surface energies enable the control of their precipitation order or dissolution rate. Moreover, solubility also depends on particle size because of the various surface tensions. Thus, coarse gibbsite was used to provide an active site for boehmite to nucleate in the preliminary precipitation of boehmite.
FTIR spectra and XRD patterns
As the reaction time increases, the variation in the characteristic peak for boehmite is clearly observed in the FTIR spectra because these spectra distinguish between the hydroxyl species of gibbsite and boehmite, as shown in Fig. 3 . In Fig. 3 , peaks at 3616 cm -1 are assigned to O-H stretching vibrations of gibbsite [31] . In addition, peaks at 1019 and 795 cm -1 correspond to O-H bending and Al-O vibrations of gibbsite [32] , respectively (0 min). During precipitation, the weak peak at 3090 cm -1 assigned to O-H stretching of boehmite is observed at 30 min, and peaks at 3300, 1066, and 744 cm -1 corresponding to O-H stretching, O-H and Al-O bond vibrations of boehmite, respectively, at 40 min are also observed [33] . Meanwhile, the intensity of the peaks assigned to gibbsite decreases with increasing precipitation time, suggesting the disappearance of gibbsite. Lastly, the well-characteristic peaks of boehmite at 3090 and 3300 cm -1 are clearly observed at 50 min. These results all suggest that boehmite is readily precipitated from sodium aluminate solution by the addition of gibbsite as seed.
XRD patterns of the precipitates are presented in Fig. 4 . To further characterize the phase evolution, the intensity variations of the XRD peaks for boehmite and gibbsite are shown in Figs. 5 and 6. The results in Fig. 4 show that the intensities of the (002) The ratio R between the XRD peak intensity and that listed in the standard XRD card for boehmite (Fig. 5) increases rapidly in the case of the (020) plane and maintains its maximum value from 60 to 120 min. The (020) plane is the usual exposed surface of boehmite. By contrast, the R values for the (002) and (022) planes increase slowly, implying their difficult growth. In addition, each plane of boehmite is exposed at 120 min when pure boehmite is formed.
In the case of gibbsite, the results in Fig. 6 indicate that the usual exposed surfaces are (002) and (112) because their R values maintain their maximum values after reaction for 60 min. In addition, other planes of gibbsite may preferentially disappear because of the rapid decrease in R. The R values for various planes are equal to zero at 120 min, indicating that gibbsite is dissolved completely. The difference in the R values of boehmite or gibbsite implies that the (020) plane of boehmite can be preferentially nucleated on the (002) and (112) planes of the gibbsite substrate. After nucleation, the (020) plane of boehmite grows vertically on the (002) and (112) planes of gibbsite via self-assembly.
Morphology evolution
SEM images of samples
SEM images of the solid samples collected after different reaction times are shown in Fig. 7, directly showing the disappearance of gibbsite and the precipitation of boehmite. The morphology of gibbsite at 0 min is irregular. Many fine particles are attached to the coarse particle in Fig. 7(a) . Fine gibbsite then disappears, and only the large particle with a smooth (001) plane remains. Meanwhile, a small, very fine flake-like particle is nucleated and generated on the (001) plane of the coarse gibbsite at 20 min (Fig. 7(b) ). With the increase of precipitation time to 60 min, additional flake-like particles grow vertically on gibbsite and gibbsite is hardly found (Fig. 7(c) ). When the duration is 120 min, flake-like boehmite agglomerates into nearly spherical particles. Moreover, a 3D-like architecture is obtained via the self-assembly of fine flake-like particles (Fig. 7(d) ). Given the phase evolution in Fig. 4 , gibbsite acts as the preliminary seed for boehmite and boehmite itself acts as seed in the later period. This condition prevents a large number of fresh primary boehmite particles from growing out of order in the concentrated solution. A small section of Fig. 7(d) is enlarged in Fig. 7(e) , showing the morphology of boehmite at 120 min. The results in Fig. 7(e) indicate that the thin flakes with a thickness of 50 nm and a length of 1-2 μm grow vertically and alternately.
The interior variation of particles during the phase and morphology evolution is shown in the microsections of the samples in Fig. 8 . The smooth surface and clear edge of gibbsite are easily observed at 0 min. At 20 min, a fine fragment near the edge is observed for the formation of boehmite although the smooth surface is maintained. When the precipitation time is extended to 60-90 min, the coarse gibbsite is broken up and more flake-like boehmite particles are formed among the interfaces of the fine particles. At 120 min, the fine flake boehmite interweaves together and distributes uniformly from the interior to the exterior. Fig. 8(f) shows that the flake-like boehmite particles are agglomerated closely instead of stacked incompactly. This observation implies that the spherical boehmite possesses high strength and a special surface area. 3.3.2. TEM image of the sample TEM ( Fig. 9 ) was used to explore variations in the microstructure of the boehmite. The results in Fig. 9(a) show that the flake-like particles are boehmite. A typical SAED pattern is shown in the inset of Fig. 9(a) . Indexing of the patterns indicates that boehmite possesses a crystal structure consistent with the orthorhombic form of boehmite (AlOOH). The results in Fig. 9(b) show that the interplanar spacings of 0.185, 0.112, and 0.142 nm correspond to the (200), (202), and (002) planes of boehmite, respectively, in agreement with the XRD results (Fig. 4) . This agreement again demonstrates that the basal (020) plane of boehmite is preferentially exposed.
Variation of the precipitation ratio
To investigate the precipitation mechanism of the spherical boehmite, the effect of the caustic soda (Na 2 O) concentration and duration on the precipitation ratio with the addition of gibbsite as seed at 180°C is plotted in Fig. 10 . The precipitation ratio in Fig. 10 , as a whole, increases with increasing duration, and boehmite is readily precipitated. However, the precipitation ratio of boehmite fluctuates in the shape of an "M" in different solutions. Moreover, the variation tendency of the precipitation ratio in solutions with 21.4 ≤ ρ Na2O ≤ 91.0 g·L −1 is easily observed because the gibbsite is readily dissolved, leading to rapid saturation for boehmite as compared to their solubility. Therefore, the facts can be explained by an alternate reaction between gibbsite dissolution and boehmite precipitation, wherein two reactions occur according to the following reaction equations: 4 2 3 4 Al(OH) OH Al(OH)
Al(OH) AlOOH H O OH
Moreover, the solubilities of gibbsite and boehmite were measured in sodium aluminate solution on the basis of a method reported in Refs. [34] [35] . The effects of temperature and caustic soda concentration on the solubility of gibbsite and boehmite are shown in Fig. 11 . Fig. 11 shows that the solubilities of gibbsite and boehmite increase with increasing temperature and with increasing caustic soda concentration. The solubility of boehmite is less than that of gibbsite. In addition, the difference in solubility between gibbsite and boehmite increases with increasing temperature or increasing caustic soda concentration. This condition suggests that slightly dissolution of gibbsite and rapid precipitation of boehmite occur in the diluted solution, leading to the increase and subsequent decrease of the precipitation ratio. Boehmite initially precipitates from the diluted sodium aluminate solution with α k = 1.41 because of the high supersaturation (Eq. (4)) and the presence of a large number of gibbsite seeds, resulting in the rapid increase of α k and the precipitation ratio. Afterwards, the rate of boehmite precipitation decreases and gibbsite is dissolved (Eq. (5)) again because of the unsaturated solution for gibbsite and boehmite. Therefore, the alternating occurrence of gibbsite dissolution and boehmite precipitation leads to the variation of the precipitation ratio in an "M" shape. 
Precipitation mechanism
On the basis of the evolution of phase and morphology during the precipitation of the spherical boehmite, we propose the following precipitation mechanism for spherical boehmite (Fig. 12) .
The different solubilities of gibbsite and boehmite are the major driving force in the precipitation of boehmite. In addition, various surface energies of gibbsite and boehmite determine the dissolution order of gibbsite particles as well as the growth rate of boehmite, leading to the precipitation of spherical boehmite via self-assembly (Fig. 12) . The stable surface of the (001) and (112) planes for gibbsite provides a nucleation site for boehmite, and the fine boehmite is then nucleated. Moreover, unstable surfaces of gibbsite are preferentially dissolved in the preliminary precipitation. As the reaction duration increases, more gibbsite particles are dissolved continuously to maintain the saturation for boehmite. In addition, the preferential (020) plane of boehmite is grown vertically on the basal (001) and (112) planes of gibbsite in the form of nanoflake-like particles. Thereafter, the gibbsite is dissolved completely. The fresh boehmite itself then acts as a seed material. Boehmite grows, and various planes of boehmite are exposed in turn. Lastly, the flake-like particles agglomerate into the spherical boehmite.
Therefore, the different solubilities of gibbsite and boehmite are the key to maintaining the saturation and promoting the precipitation of boehmite. Moreover, the different surface energies of gibbsite and boehmite provide the prelimi-nary nucleation sites in the most energy-favorable path and then allow the growth of boehmite into flake-like particles via self-assembly before the gibbsite acts as the preliminary heterogeneous nuclei for boehmite. This unconventional method to prepare specific boehmite avoids particle nucleation and disorderly growth caused by massive bursting precipitation of homogeneous fine particles. This condition provides an environmentally friendly and effective method to prepare boehmite with a specific shape without adding other inorganic cations or anions as a template. 
Conclusions
(1) The surface energies of gibbsite and boehmite are different. The lowest-energy surfaces are the (010) plane for boehmite and the (001) and (112) planes for gibbsite. Moreover, the solubility and the difference in solubility of gibbsite and boehmite increase with increasing temperature and increasing caustic soda concentration.
(2) The nearly spherical boehmite with nanoflake particles formed by self-assembly is precipitated from the supersaturated sodium aluminate solution upon the addition of gibbsite as a seed at 180°C. Fine boehmite nucleates on the (001) and (112) planes of the gibbsite seeds. More boehmite particles are formed and grow into flake-like particles with increasing precipitation time. Lastly, gibbsite is dissolved completely and the flake-like particles agglomerate into a spherical boehmite with a 3D structure.
(3) The curves of precipitation ratio fluctuate in an "M" shape because of the gibbsite dissolution and boehmite precipitation. Gibbsite dissolution maintains the saturation of boehmite precipitation and provides active sites for boehmite nucleation in the preliminary precipitation process. The difference in surface energies of boehmite allows the growth of flake-like boehmite via self-assembly, where more flake-like particles are formed from the exterior to the interior, thereby creating a compact sphere.
